Exo70, a member of the exocyst complex, is involved in cell exocytosis, migration, invasion and autophagy. However, the expression regulation and function of Exo70 in hepatocellular carcinoma are still poorly understood. In this study, we found 
INTRODUCTION
Exocyst, a heterooctameric complex composed of Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70 and Exo84, is essential for exocytosis via tethering secretory vesicles to specific domain of the plasma membrane [1] [2] [3] [4] . Recent studies implicated the pivotal roles of its subunit Exo70 in multiple biological processes. Overexpression of Exo70 dominant-negative mutant blocks insulinstimulated glucose uptake through inhibiting GLUT4 vesicle targeting to the plasma membrane in adipocytes [5] [6] [7] [8] . Knocking down Exo70 in human breast cancer cell suppresses cell invasion via attenuating invadopodia formation and matrix metalloproteinases secretion [9, 10] . Exo70 is also necessary for amino acid starvation induced autophagy in human cervical carcinoma cells [11] . However, little is known about the expression, regulation and function of Exo70 in hepatocellular carcinoma (HCC).
Hepatocyte nuclear factor 4 alpha (HNF4α), a member of the nuclear receptor superfamily, is the most abundant and important transcription factor in the liver [12] [13] [14] . HNF4α exerts its biological functions primarily through binding as a homodimer to the HNF4α-response element (HRE) in the promoter of its downstream target genes and regulating their expression [15, 16] , including apolipo-protein A-I (ApoA-I) [17] , lipid transporter ABCA1 [18] , complement C3 [19] , murine pyruvate carboxylase (PC) [20] , EMT-related genes [21] , and over 60 other genes critical for metabolism, nutrient transport and the development of human diseases including diabetes, haemophilia and hepatitis [22, 23] . Therefore, the identification of new downstream target genes may help to discover new biological functions of HNF4α and understand how it works.
In the present study, we provide evidences that HNF4α transcriptionally regulates Exo70 gene expression in human hepatoma cells through binding to the HNF4α-Oncotarget 9151 www.impactjournals.com/oncotarget response element (HRE) within the Exo70 promoter, which contributes to the G2/M cell cycle transition.
RESULTS

HNF4α transcriptionally increases the expression of Exo70 in hepatoma cells
To investigate whether hepatic Exo70 expression was regulated by HNF4α, the most important and abundant transcription factor in liver, we knocked down endogenous HNF4α in human hepatic cancer cell line Hep G2, and a dramatic decrease in the protein and mRNA expression level of Exo70 was observed ( Figure 1A-1B) . Conversely, ectopically expressing HNF4α in human cholangiocarcinoma QBC939 cells, which have extremely low endogenous HNF4α but derived from the same embryonic origin with liver, resulted in a significant increase in the protein and mRNA expression levels of Exo70 ( Figure 1C-1D ). These results indicated that Exo70 expression was elevated by HNF4α in hepatoma cells.
We then determined whether this regulation is correlated with the transactivation activity of HNF4α. A dominant-negative mutant HNF4α(D69E/R76K), which lacks the ability to recognize the promoter of its target genes [24] , were introduced into the Hep G2 cells with endogenous HNF4α knocked down beforehand. Results showed that both mRNA and protein levels of Exo70 were downregulated when HNF4α expression was impaired by shHNF4α constructs; however, reintroduction of HNF4α, but not its dominant-negative mutant HNF4α(D69E/ R76K), rescued the mRNA and protein expression levels of Exo70 (Figure 2A-2B) . These results thus revealed that HNF4α transcriptionally activated Exo70, and the transactivation activity of HNF4α was critical for its regulation on Exo70 expression.
Non-genomic functions of nuclear receptors or transcription factors were reported in recent years, including modulating post-translational modification and consequently affecting protein stability [25] [26] [27] . As such, the effect of HNF4α on the protein stability of Exo70 was also determined. The results showed that exo70 protein levels were decreased in a time-dependent manner when Hep G2 cells were treated with the protein synthesis inhibitor cycloheximide (CHX) ( Figure 2C) ; however, despite leading to higher levels of Exo70 at each indicated time, overexpression of HNF4α didn't change the degradation rate of exo70 under CHX treatment ( Figure 2C ), indicating that HNF4α didn't affect the protein stability of exo70.
Identification of Exo70 as a novel transcriptional target of HNF4α
The above results suggest that Exo70 may be a novel target gene of the transcription factor HNF4α. A consensus HNF4α binding site described by Sladek [14] was predicted to be located between −1337 and −1319 bp (named S1, Figure 3A ) within the human Exo70 promoter using BIOBASE biological databases online analysis. To further determine the effect of HNF4α on the transcriptional activity of Exo70 gene promoter and the precise sequence needed for this action of HNF4α, different fragments of Exo70 promoter, the −1345 ~ +1 region containing S1 and the −1319 ~ +1 region excluding S1, were constructed into the luciferase reporter plasmid ( Figure 3B ). As shown in Figure 3C , knocking down HNF4α expression significantly attenuated the transcriptional levels of the −1345 ~ +1 region within the Exo70 gene promoter, but not that of the −1319 ~ +1 region ( Figure 3C ), suggesting that S1 is essential for HNF4α to transactivate Exo70 gene promoter. Notably, a lower basal transcriptional activity was observed in the −1319 ~ +1 region as compared to the −1345 ~ +1 region, providing supplementary evidence that some response element exists in the S1 ( Figure 3C ). Rescue assay was also carried out. The reintroduction of HNF4α, but not its dominant-negative mutant HNF4α(D69E/R76K), succeeded in regaining the transcriptional activity of the Exo70 gene promoter, which was impaired in advance by knocking down endogenous HNF4α ( Figure 3D ). This is consistent with the above observation that the transactivation activity of HNF4α is necessary for its modulation on Exo70 expression.
Direct binding of HNF4α to the Exo70 gene promoter was further confirmed by electromobility shift assays (EMSA) and chromatin immunoprecipitation (ChIP) assays. S1 (−1337 ~ −1319 region) was used as probe in the EMSA experiment. The results showed that biotin-labeled S1 probes formed complex with some nuclear protein ( Figure 3E , shift band), and the specificity of this binding was confirmed by the addition of excess unlabeled S1 probes, which effectively competed for binding the nuclear protein ( Figure 3E ). The presence of HNF4α protein in the S1-nuclear protein complex was verified by adding anti-HNF4α antibody to the reaction mixture, which led to a further gel-retardation of the nuclear protein-DNA complex ( Figure 3E , supershift band). The interaction between the HNF4α and the Exo70 promoter was further verified in vivo by ChIP experiments ( Figure 3F ). Together, these results indicate that Exo70 is a transcriptional target of HNF4α.
Exo70 acts downstream of HNF4α to regulate cell cycle
We and others found that berberine ( Figure 4A ), a traditional Chinese medicine with anti-tumor effects, could induce G2/M phase cell cycle arrest in hepatoma cells [28] ( Figure 4B ). However, the related mechanisms were not fully understood. We accidently found that the expression of HNF4α and Exo70 declined with similar trend when www.impactjournals.com/oncotarget cells were treated with different doses of berberine ( Figure 4C-4D) . To test whether down-regulation of HNF4α and Exo70 is essential to the G2/M cell cycle arrest in hepatoma cells with berberine treatment, several hepatoma cell lines with different expression levels of HNF4α and Exo70 ( Figure 4E ) were used. Results showed that berberine induced G2/M phase arrest in all these cell lines; however, MHCC97H cell with low HNF4α and Exo70 expression was less affected by berberine than Hep G2 and Huh7 cells with high HNF4α and Exo70 expression ( Figure 4F ). These results provided hints that HNF4α and Exo70 may be involved in the regulation of cell cycle in hepatic cancer cells.
To explore the potential roles of HNF4α and Exo70 in cell cycle progression, endogenous HNF4α and Exo70 were knocked down separately and the cell cycle were expression of Exo70. Hep G2 cells were transiently transfected with pLL3.7 vector or pLL3.7-shHNF4α plasmid. Cells were harvested 48 h after transfection and the whole cell lysate and the total RNA were prepared then subjected to Western blot (A) and real time PCR (B) analysis. (C-D) Ectopically expressed HNF4α upregulated the protein and mRNA expression level of Exo70 in cholangiocarcinoma cell line QBC939. Cells were transfected with pCMV10 vector or Flag-HNF4α plasmid, and harvested 48 h after transfection and subjected to Western blot (C) and real time PCR (D) analysis. Protein expression of Exo70, HNF4α and β-actin (used as loading control) were detected and quantified by densitometry; bar graph (A, C, down panel) showed the ratios of Exo70 or HNF4α to β-actin, and the basal level in the vector group was normalized to 1. GAPDH was used as normalization control for real time PCR. Data were presented as the means ± s.e.m. from three independent experiments. Differences between two groups as indicated in the graph were assessed by a two tailed unpaired Student's t-test, *p < 0.05, **p < 0.01, ***p < 0.001 versus control. Figure 5A -5B). Reintroducting HNF4α corrected the dysregulated cell cycle induced by knocking down endogenous HNF4α; similarly, reintroducing Exo70 also reversed the cell cycle progression changed by knocking down Exo70 ( Figure 5A -5B), thus confirming the critical roles of HNF4α and Exo70 in the regulation of cell cycle in hepatic cancer cells.
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To understand the mechanism of G2/M cell cycle arrest by Exo70 or HNF4α, we examined the expression of several proteins related to cell cycle regulation, including Cdc2, Cyclin B1 and Cdk7. The results showed that knocking down either HNF4α or Exo70 in human hepatoma cells reduced the expression of Cdc2, while had no influence on the expression of Cyclin B1 and Cdk7. In addition, overexpressing Exo70 elevated the level of Cdc2 reduced by knocking down endogenous HNF4α; however, overexpressing HNF4α did not affect Cdc2 expression decreased by knocking down endogenous Exo70. Together, these results indicated that inhibiting HNF4α-Exo70 axis arrested G2/M cell cycle progression partially via suppressing the expression of Cdc2.
Figure 2: HNF4α transcriptionally regulates the expression of Exo70. (A-B)
The transactivation activity of HNF4α is required to regulate Exo70 expression. Hep G2 cells were transiently transfected with pLL3.7 vector or pLL3.7-shHNF4α plasmid. Twenty-four hours after transfection, cells were transfected with pCMV10 vector, HNF4α silence mutation Flag-HNF4α(r) or Flag-HNF4α(r)(D69E/ R76K) plasmid. Another 24 h later, cells were harvested and then subjected to real time PCR (A) and Western blot (B). GAPDH was used as normalization control for real time PCR. The basal level in the vector group were normalized to 1. Data were presented as the means ± s.e.m. from three independent experiments. Differences between two groups as indicated in the graph were assessed by a two tailed unpaired Student's t-test. *p < 0.05, **p < 0.01, ***p < 0.001 versus control. (C) HNF4α did not alter the protein stability of Exo70. Hep G2 cells were transfected with pCMV10 vector or Flag-HNF4α plasmid. Eight hours after transfection, cells were treated with 10 μM cycloheximide (CHX) for different durations. Cells were then harvested and subjected to Western blot. Expression of Exo70 and β-actin (used as loading control) were detected and quantified by densitometry. Bar graph (right panel) showed the ratios of Exo70 to β-actin, and the basal levels in the groups without CHX treatment were normalized to 1. Data were presented as the means ± s.e.m. from three independent experiments. Differences between two groups as indicated in the graph were assessed by a two tailed unpaired Student's t-test, ns nonsignificant versus control.
Oncotarget 9154 www.impactjournals.com/oncotarget DISCUSSION Exo70, an important component of the exocyst complex, was reported to promote cell exocytosis, migration, invasion and autophagy [1, 3, [9] [10] [11] . However, the regulation of Exo70 is still unknown except that extracellular signal-regulated kinase (ERK) phosphorylation of Exo70 at Ser250 facilitates its interaction with other exocyst subunits and the assembly of the exocyst complex [9] . In this study, Exo70 was found to be transcriptionally regulated by HNF4α in hepatoma cells. Knocking down HNF4α decreased Exo70 protein and mRNA expression (Figure 1 ) but not its protein stability (Figure 2C ), and the transactivation activity of HNF4α was required for its The transactivation activity of HNF4α is required to regulate the transcription level of Exo70 promoter. Hep G2 cells were transiently transfected with pLL3.7 vector or pLL3.7-shHNF4α plasmid. Twenty-four hours after transfection, cells were transfected with pCMV10 vector, HNF4α silence mutation Flag-HNF4α(r) or Flag-HNF4α(r)(D69E/R76K), together with pExo70(-1345/+1)-LUC plasmid. After another 36 h, cells were harvested and the luciferase reporter assay was carried out. The basal level of transcriptional activity was normalized to 1. Data were presented as the means ± s.e.m. from three independent experiments. Differences between two groups as indicated in the graph were assessed by a two tailed unpaired Student's t-test, *p < 0.05, **p < 0.01, ***p < 0.001, ns nonsignificant versus control. (E-F) Binding of HNF4α to the human Exo70 promoter was detected by EMSA (E) and ChIP (F). For EMSA, nuclear extract (NE) of Hep G2 cells was incubated with biotin-labeled oligonucleotides containing HRE elements in the Exo70 promoter. For ChIP, Hep G2 cells were harvested and then the ChIP assay was carried out to detect the interaction between endogenous HNF4α and the Exo70 promoter using anti-HNF4α antibody. The non-relevant region was PCR with a negative control primer pair which bound about 3 kilobases away from the putative HNF4a binding sites. Fold enrichment was calculated from a ratios between the signals of the Exo70 promoter (or ApoA-I promoter) and the negative control.
Oncotarget 9155 www.impactjournals.com/oncotarget effect on Exo70 expression (Figure 2A-2B) . Furthermore, through a series of experiments, we proved that Exo70 is a novel transcriptional target gene of HNF4α (Figure 3) .
Exo70 was reported to stimulate tumor invasion and migration as knocking down endogenous Exo70 in breast cancer cells greatly suppressing their invasion and migration ability [9, 10] . However, the invasion and migration ability of human cervical carcinoma (HeLa) and hepatoma (Hep G2) cells were not affected by knocking down Exo70 (data not shown). Therefore, it's likely that Exo70 was not a critical protein involved in the regulation of hepatoma cell migration and invasion. Nevertheless, a novel function of hepatic Exo70 in the regulation of cell cycle progression in hepatoma cells was identified in this study. We found that reduced expression of Exo70 and HNF4α was important for berberine-induced G2/M cell cycle arrest in hepatoma cells (Figure 4) , suggesting their potential roles in cell cycle regulation. We further proved that knocking down either HNF4α or Exo70 in hepatoma cells arrested cell cycle progression at G2/M phase ( Figure 5) , and Exo70 acted downstream of HNF4α to promote Oncotarget 9158 www.impactjournals.com/oncotarget G2/M transition via increasing Cdc2 expression in HCC cells (Figure 6 ). Actually, it was not the first time that exocyst subunit was reported to participate in cell cycle control. Sec8 and Sec6 were previously found to regulate G1/S transition in oral squamous cell carcinoma cells via p21
Waf1/Cip1 and p27 Kip1 , respectively [29, 30] . It appears that these subunits can also have their own specific biological functions via distinct molecular mechanisms, in addition to work as members of the exocyst complex.
We have long been making effects to explore the molecular mechanisms underlying the antitumor effect of berberine, a traditional Chinese medicine, especially how it arrests cell cycle. In the present study, we accidently found that berberine reduced the expression of HNF4α and Exo70, which is critical for its effect on G2/M transition of hepatoma cells (Figure 4) . And we further demonstrate the role and mechanisms of HNF4α and Exo70 in cell cycle regulation (Figures 5-6 ). It would also be interesting to investigate the mechanism how berberine can reduce the mRNA expression of HNF4α. Previous studies showed that berberine could bind to the poly(A) tail on retinoblastoma (Rb) mRNA to suppress its degradation [31] , suggesting that the binding of berberine to mRNA molecular may modulate the stability of mRNA. We thus conjecture that berberine may promote the degradation of HNF4α mRNA via binding to its poly(A) tail, which will be explored in our further studies.
Recently, conflicting reports have defined HNF4α as both tumor promoter and tumor suppressor in hepatocellular carcinoma (HCC). The expression of HNF4α was significantly increased in HCC as compared to the adjacent non-tumor tissues, indicating a tumor promoting role of HNF4α in HCC [32] ; however, another study reported that overexpression of HNF4α decreases the tumorigenicity of hepatoma cells [33] , defining HNF4α as a hepatoma tumor suppressor. Our present study found that HNF4α works as a tumor promoter by transactivating exo70, which increases Cdc2 expression leading to G2/M transition. Owing to the pretty high expression of HNF4α in hepatoma cells, knocking down rather than overexpressing HNF4α would be a good choice to investigate the function of HNF4α in HCC, just as we did in the present study.
Together, our results identify Exo70 as a novel transcriptional target of HNF4α and contributes to the regulation of cell cycle progression in hepatoma cells (Figure 7) , which may provide a suitable target for the development of antitumor strategies. 
